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BBEAEHUE

BOJIOKOHHEIN J1a3ep WM YCHIHTeNIb Ha 6ase CTaHOAPT-
HBIX AaKTHBHBIX OJHOMOJOBBIX BOJIOKOH MOXKeT TeHe-
PHPOBaTh Ja3€PHBIH BBIXOAHOM 1y4 AHUPPAKIMOHHOIO
KayecTBa, HO OH OrpPaHUYEH HCTOYHHKOM HaKaukKH
M IIPOLleHTOM 3PdeKTHBHOCTH JIa3epHOro Ipeobpaso-
BaHHUA [1]. )1 /a3epHBIX IIPUMeHeHUH O4eHb BaSKHO
MMeTh YeTKHMHM M KaueCTBeHHBIM IIy4OK BBIXOJHOIO
y3nydeHusi. OZHAKO MCIIONb30BaHHE aKTHBHBIX MHO-
TOMOJIOBBIX BOJIOKOH 3a4acTyio IIPUBOAUT K ILIOXOMY
KauecTBY BBIXOJHOIO IIyUKa.

CU/IIBHEUIIHM IIPOIPeCCUBHBIM  [JOCTHKEHHEM
B Hallle BpeMs CTaJIO II0sIBJIeHHe ONTHYeCcKHUX BOJIOKOH
C IBOHMHOM 000/I04KOM [2]. JlaHHas TeXHOJIOTUS I103BO-
7151eT CKOHCTPYHPOBaTh BOJIOKOHHBIH J1a3ep, IIYIOK KOTO-
poro Ha BBIXOJle IMeeT MOILIHOCTB 6ostee 1 KBT [3, 4].
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INTRODUCTION

A fiber laser or amplifier based on standard active single-
mode fibers can generate a diffraction-quality laser output
beam, but it is limited by the pump source and the per-
centage of laser conversion efficiency [1]. For laser applica-
tions, it is very important to have a clear and high quality
output beam. However, the use of active multimode fibers
often results in poor output beam quality.

The strongest progressive achievement in our time has
become the appearance of double-clad optical fibers [2].
This technology makes it possible to design a fiber laser,
the output of which has a power of more than 1kW [3, 4].

The problem of obtaining a high quality output beam
and high power conversion was solved with the advent
of double-clad fibers. The whole point of the technology
is that when using an optical fiber in a double cladding,
the pump radiation does not immediately enter the fiber
core, but first enters its cladding [5]. Then, the pumping
power is transferred from the cladding to the core, which,
in turn, is doped with ions of rare-earth elements. They
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I[IpobreMa C Iony4eHHeM BbICOKOTO KauecTBa BBIXOJI-
HOTO IIyYKa M BBICOKHUM IIpeobpa3oBaHHEM MOIIHO-
CTH pelIMIach C IIOSBI€HHEM BOJIOKOH B IBOMHOM
obosouxe. Bcsi CyTh TEXHOTIOTHH B TOM, YTO IIPH HCIIONb-
30BaHHH OIITHYECKOIO BOJIOKHA B JBOMHOM 060JI0YKOM
M3/Ty4eHHe HaKauKH II0MafiaeT He CPasy B CepILIEBHUHY
BOJIOKHA, a CHavasa IoIajaer B ee 060mouky [5]. Janee
IIPOUCXOOUT IlepeKayka MOIIHOCTH HaKauku U3 060-
JIOYKU B CepALIeBUHY, KOTOpasi, B CBOIO Ouepelb, JerH-
pOBaHa HMOHAMH DPeAKO3eMeTbHBIX 371eMeHTOB. OHH
IIOITIONIAIOT (OTOHBI M3JIYUeHUs] HAaKadKd U TeHepH-
PYIOT KOTepeHTHOe H3/TyuyeHHe Ha HeobX0AMO [JIHe
BOTHBI. CJIeflyeT yYUTHIBATh TOT GAKT, YTO IISI JIa3epPOB
BBICOKOM MOIITHOCTH HEBO3MOXKHO BBECTH H3/Iy4YeHHe
HaKayKH C BBICOKOM MOIIHOCTBIO HEIOCPeICTBEHHO
B CEp/ILIeBHHY BOJIOKHA.

Pasnyc BHyTpeHHeH o06010uky 6onblle paguyca
ceprueBHHBI. CedeHHe BHYTPeHHEH O00OOTIOYKU MOSKET
HMeTh He TOJIBKO KPYITIyI0 FeOMeTPHIO, HO U OfHY KU
HECKOJIBKO TpaHeH (puc. 1).

BOJIOKHO CaMO¥ IPOCTONM KOHCTPYKLHUH HUMeeT Kpy-
I7IyI0 000JIOYKY HAaKAa4YKH M LIeHTPHPOBAHHYIO Cepilie-
BUHY (CM. pHC. 1 - centered core). TaKyl0 KOHCTPYKLIHIO
JIETKO PeaIM30BaTh B TEXHOJIOTHYECKOM ITPOLIecce U CThI-
KOBATbh C PSZIOM IIaCCHBHBIX KOMIIOHEHTOB. Ho B BOJIOK-
HaX TaKoro THIIA CYIIECTBYIOT MOAbI PaCIIPOCTpPaHEeHHs
BHYTpPeHHel 000/10YKK (OTHOCSIIHECS K CIIHPAJIBHBIM
Jly4aM), KOTOpble IIOYTH He IepeKpPBIBAIOTCS C CeprLie-
BHUHOM. M3-33 3TOro 3HAUMTeNbHAS YacTh H3TydeHHs
HaKauky He IIOIVIOLIAeTcs IOIHOCTRIO [7, 8]. B pesynb-
TaTe CHIKAETCS KO3)OHUIUEHT YCHIEHHS! U 3Heprosd-
($EeKTUBHOCTh HaKaUYKH,

MoskHO HM36ekaTh IIOSIBIEHHE PEeKHUMOB C IUIOXUM
IIepekpBITHEM MOJ, HCIIONB3ysS MOAUGUILIMPOBAHHYIO
KOHCTPYKUHIO ¢ 6onee HH3KOM CHUMMeTpHed. [Ipume-
PaMHU SIBJISIIOTCSI KOHCTPYKLIMH CO CMEIlleHHBIM OT LIeH-
Tpa CepALEeBHUHBl MM HEKPYITIOHM BHYTPeHHeH 060/104-
Kou (cM. puc. 1: Hampumep elliptical inner cladding,
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absorb pump radiation photons and generate coherent
radiation at the desired wavelength. It should be borne in
mind that for high-power lasers it is impossible to inject
high-power pump radiation directly into the fiber core.

The radius of the inner cladding is greater than the
radius of the core. The section of the inner cladding can
have not only circular geometry, but have one or several
faces (Fig. 1).

The simplest fiber design has a round pump cladding
and a centered core (see Fig. 1 - centered core). This design is
easy to implement in the technological process and to dock
with a number of passive components. However, in fibers
of this type, there are propagation modes of the inner
cladding (referring to spiral beams), which almost do not
overlap with the core. Because of this, a significant part
of the pump radiation is not completely absorbed [7, 8]. As
aresult, the gain and pump energy efficiency are reduced.

Poor core overlap modes can be avoided by using a modi-
fied design with lower symmetry. Examples are designs
with an off-center or non-circular inner cladding (see
Figure 1: e.g., elliptical inner cladding, D-shaped, or rect-
angular). Pump claddings are also often better suited to
the shape of the pump beam, such as diode rods. However,
when splicing them together, problems arise if the entire
fiber (not just the cladding) is non-circular.

In addition to the physical characteristics of the fiber
core, an important parameter is the ratio of the cross-
sectional areas of the inner cladding and the core. This
area ratio should not be too high. Otherwise, the effective
absorption length of the pump becomes large, and the
pump intensity in the core becomes small, which leads to
low excitation levels, and this leads to a decrease in energy
efficiency [9]. Usually, the ratio between the areas is main-
tained in the range of 100 to 1000. Pump sources with
improved brightness allow the use of fibers with a smaller
area ratio and, therefore, a shorter effective pump absorp-
tion length, which also reduces the effect of various types
of nonlinearities.

000

D-shaped
inner cladding

Centered core Off-centered core

Puc. 1. KoHcmpyKuuu 80A0KOH ¢ 080LHOL 060A04KOL: CUHUL LBem — cepou,e8UuHa B0AOKHA NOKA3AHA CUHUM UBemom, — C8emAno-
cepblli UBem —8HYMpeHHSs 060A04KA: MeMHO-Cepblll Ugem — 8HelH s 060A04Ka (DONOAHUMeAbHOe NoAUMEPHOe NOKpbIMmUe,
KOMopoe Ydcmo LUCN0Ab3Yemcs, Ha puc. He U306paxkeHo) [McmouHuk 6]

Fig. 1. Double-clad fiber constructions: blue - fiber core shown in blue, - light gray — inner cladding: dark gray - outer cladding
(additional polymer coating, which is often used, is not shown in the figure) [Source 6]
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D-shaped mu rectangular). Takue 060104KH HaKa4KH
TaKKe YacTo JIydllle COOTBETCTBYIOT (popMe IIy4Ka
HaKa4yK{, HAIIPUMep AHOAHBIM CTep>KHSIM. OIHAKO
IIPY UX COeAHUHEHUM METOIOM CBapKH BOJIOKOH BO3-
HUKAIOT IIpobleMBl, eC/IH BCe BOJIOKHO (He TONIbKO 060-
JI0YKa) UMeeT HeKPYIJIyIo GopMy.

[ToMuMo QHU3UYECKHX XAPAKTEPUCTHUK CepALe-
BUHBI CBETOBOZA BAKHBIM I1apaMeTPOM SIBJSeTCS
COOTHOILIEHHE IIIOMAJIeN CedeHHUM BHYTPeHHeH 060-
JIOYKU U CepALIeBHHBI. JTO COOTHOIIEHME IUIOIIAJeH
He IO/DKHO OBITh CTUIIKOM OONBIIMM. B IIpPOTHBHOM
cny4dae 3beKTHBHAS AIHMHA IIOIVIOLIEHHUS HaKayKHU
CTAaHOBUTCS OOJIBIION, a KMHTEHCHUBHOCTh HaKauyKU
B CepAlieBHHE - MaJOH, YTO IIPUBOSUT K HHU3KHUM
YPOBHSIM BO30OY>KAEHMSI, a 3TO BedeT K CHIDKEHHUIO
3HeproabdekTUBHOCTU [9]. OOBIUHO BBIAEPSKUBAIOT
COOTHOLIeHHe MeXAy IUIOWAASIMHU B JUAlla30He Besu-
ypuH 100-1000. MCTOYHMKYA HaKa4KW C yAy4IIeHHOH
SIPKOCTBIO IT03BOJISIIOT HCIIOJIb30BAaTh BOJIOKHA C MEHb-
IIMM COOTHOIIEHMEeM 3HAaYeHUH IUIOIAfer, a 3Ha-
YUT, U MeHbIIen 3QPeKTUBHOMN IJTUHOMN IIOT/IONIEeHS
HaKa4uKH, YTO TakoKe CHIDKAET BIMSHHE Pa3THYHBIX
THIIOB HeJTUHELHOCTeH .

HermosnHoe moromeHue U3Iy4eHHsI HaKauKU MOXKeT
BO3HHUKATh B pe3y/IbTaTe IOSBIEHHUS MOJ 000JIOYKH
€O C1abbIM IIepeKpBITHEM CepALEBHUHBI. [laske eciau
C IIOMOIIBIO IIOAXOMSINEl KOHCTPYKLMHM BOJIOKHA yAa-
eTcs 06eCIIeYruTh CUIBHOE CMeIlleHHe MO, IIOIJIOLIeH1e
HaKauK{ YMeHBIIAeTCS M3-3a OTPaHUYEeHHOro Ilepe-
KPBITHSL CBeTa HAKayKU C CepAlIeBUHON JIeTHPOBAH-
HOT0 BOJIOKHA. [103TOMY 0BBIYHO CTPeMSTCSI 06eCIIeTUTh
60JIBIIIYIO0 AJIMHY AKTHBHOIO BOJIOKHA. XOTSI, B CBOIO OUe-
penb, 5TO MOXKeT OBITh BpelHBIM, HAI[PUMep, C TOUKH
3peHH s BIUSHUS HeTUHEHHBIX 3OPeKToB.

Kpome Toro, BBICOKAsl KOHLIEHTpALIMSI HOHOB IIpH-
MeCH MO3KeT 3aTPyAHHUTb paboTy J1azepa MM YCHUIUTENsS
C KOPOTKUMHU [UIMHAMU BOJIH H3/y4eHHs, a yBelHUYeH-
HBIM BKRIAZ GIIyOopecLieHLIH MOSKeT CHHU3UTD 3OEeKTHB-
HOCTB ITpeoOpa30BaHUs SHEPIHH.

Jlpyrue BpemHBle BO3IEMCTBUSI CBSI3aHBI C BBIXO-
IOM YaCTH H3Ty4eHHUs] W3 CepALIeBHHBI B 000I0UKY
HaKauky, YTO BOSHMKAaeT, HallpUMep, B pesyabTaTe
K3ruba WK IpU UCIIONIb30BAHUH BOJIOKOHHOM OP3rToB-
CKOM peIleTKH. ITO M3/lydeHHe OCTaHeTcs B 0001ouke
HaKaukW MU He BBIHZET HapyKy (Kak ObIBaeT B CIydae
HCII0JIb30BaHUSI IPYTHX BOJIOKOH) Uepe3 IIOKphITHe. [t
yAQIeHHUS TAKOTO U3/1y4ueHHs, eC/IM OHO JlaeT LTyMOBOK
BKJIQZl Ha BBIXOZIE YCTPOMCTBA, MOXKET I1OTpeboBaThCS
crpurep obonoueuHsIx Moz (CPS).

[JIs. aHa/nHM3a PacIpoCTPaHEeHHs ITYIKOB B BOJIOKHE
C IBOMHOK 000JIOUKOM MOXKHO MCIIONIB30BaTh IIPOGH-
JIOMETPBI BBIXOJHOIO ITy4Ka. MHorue npoduaioMeTpsl
nydka 6asypyoTcs Ha IUPPOBBIX KaMepax: AJIS BHIU-
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Incomplete absorption of pump radiation can result
from the appearance of cladding modes with weak core
overlap. Even if strong mode mixing can be achieved with
a suitable fiber design, the pump absorption is reduced
due to the limited overlap of the pump light with the
doped fiber core. Therefore, it is usually sought to provide
a long active fiber. Although, in turn, this can be harm-
ful, e.g., from the point of view of the influence of non-
linear effects.

Furthermore, a high concentration of impurity ions
can make it difficult for a laser or amplifier to operate at
short wavelengths of radiation, and the increased contri-
bution of fluorescence can reduce the energy conversion
efficiency.

Other harmful effects are associated with the release
of some of the radiation from the core into the pump clad-
ding, which occurs, e.g., as a result of bending or when
using a fiber Bragg grating. This light will remain in the
pump cladding and will not escape (as is the case with
other fibers) through the coating. A cladding-mode strip-
per (CPS) may be required to remove such radiation if it
contributes to the noise output of the device.

Output beam profilometers can be used to analyze
beam propagation in double-clad fiber. Many beam pro-
filometers are based on digital cameras: for the visible
and near infrared spectral regions, CMOS and CCD cam-
eras are the most suitable for measuring complex beam
shapes.

Different wavelength ranges require different types of
detectors. Silicon detectors are used for visible and NIR
wavelengths up to 1.0-1.1 pm, while InGaAs detectors can
be used for IR wavelengths up to 1.7 pm.

The spatial resolution of the camera sensor is an impor-
tant parameter. In silicon detectors, pixel sizes reach less
than 10 pm, which makes it possible to measure beams
with a diameter of up to 50 pm.

Most cameras are highly sensitive to light. The advan-
tage of using them in problems of detecting weak signals
becomes an obstacle in measuring the beam profile.
Since the sensitivity turns out to be much greater than
required for measurements.

In the profilometer, the registered beam profile can be
shown on the monitor, possibly together with the mea-
sured parameters: the radius of the beam, the position of
the beam, ellipticity, data on statistical values or noises.
The software allows you to choose between different
methods for determining the beam radius: by the crite-
rion of reducing the beam power by a factor of ¢?(criterion
1/¢?) or the 40 method.

This research is devoted to characterizing the profile
of a beam emerging from a double-clad optical fiber
and having different cross-sectional geometries. The effi-
ciency of the output radiation is determined.
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MOH U 6mrskHer HMK-061acTH CrieKTpa A/ M3MepeHHH
Jy4a C/I0KHOM GopMbI Harbolee MOAXOASITUMUM SBISI-
10Tcst CMOS- u CCD-KaMepsl.

[l pasHBIX AHAIA30HOB [UIMH BOMH TPebyloTcst
pasHble THIIB [JETeKTOPOB. KpeMHMeBbie [JeTeKTOPHI
WCIIONB3YIOTCS A/IS1 AJIMH BOH B BUAMMOM U ONKKHe
HK-obnactu criexkTpa g0 1,0-1,1 MKM, B TO BpeMs KakK
IeTeKTOpbl Ha OcHOBe INGaAs MOIyT OBITb HCIIO/IB30-
BaHbI 4151 MK-AJIMH BOJIH 10 ~1,7 MKM.

ITpocTpaHCTBeHHOe paspelleHHre CeHCOpPa KaMephl
SBJISI€TCS BAKHBIM IIapaMeTPOM. B KpeMHHMEeBhIX JeTeK-
TOpax pasMephI IIMKCEJIOB JOCTUTAI0T MeHee 10 MKM, YTO
I103BOJIsSIeT U3MEePSTh IIy4YKH JHUaMeTPOM 0 50 MKM.

BONBIIMHCTBO KaMep HKMeeT BBICOKYI0 CBeTOUYYyB-
CTBUTE/IBHOCT. TO, UTO SIB/ISAETCS IIPEMMYIIECTBOM HX
WCIIONB30BaHUS B 3a/ladaX [eTeKTHPOBAHMS CIabbIX
CUTHAJIOB, CTAHOBUTCS MPErpajiod B M3MePeHHSIX IIpo-
&g mydka, Tak KaK YyBCTBUTEIbHOCTh OKa3bIBAETCS
ropasgo 6osblieit, yeM TpebyeTcs /151 U3MEPeHUH.

B mpodunomeTrpe Ha MOHHUTOpe MOXKeT ObITh ITOKa-
3aH 3aperuCTPHPOBAHHBIN IPOPHIIb IIyYKa, BO3SMOKHO,
BMeCTe C H3MepseMbIMH IIapaMeTpaMH: PaguyCcoM
CedyeHMS IIy4YKa, IIOJOKEHHeM IIy4Ka, S/UIMIITHUYHO-
CTbIO, JOAHHBIMH II0 CTaTUCTUYeCKMM BeMYMHaAM
WIK myMaM. [IporpamMHoe obecrieueHUe I103BOJISIET
OCTaHOBUTDL BBIOOP MEXKAY Pas3HMYHBIMU MeTOLAMHU
OIpefie/ieHUs pajuyca Iy4Ka: 10 KPUTEPHI0 YMEHb-
IIeHHMs MOLTHOCTH ITy4Ka B e pa3 (KpuTepuil 1/e2) wiu
10 MeTOAy 4a.

Hacrosmiass paboTa IOCBsiIIeHA XapaKTepHU3alluU
IIpOQUIIS [TyUKa, BEIXOSIIETO U3 OIITHYECKOr0 BOJIOKHA
C [IBOMHOM 0O0JIOYKOM M HMEIOIIero pasHylo reome-
TpUIO cedeHMsa. OmpeneneHa 3PeKTHBHOCTh BBIXOM-
HOT'O H3JIy4YeHus.

SKCMNEPUMEHTAJIbHAA YACTb
HccnemoBaHye pacIpocTPaHSIOLIEI0CS 10 OIITHYECKOMY
BOJIOKHY H3/1y4eHHSs IIPOK3BOAMIIOCh Ha 1abOpaTOpHOM
MakeTe JJIsl HCCIeOBaHUS Npoduis mydka. Jlabopa-
TOPHBIF MaKeT COCTOMT K3 JIa3epHOro AHOAA HaKauKH
FocusLight C IIMHOM BOJIHBI 976 HM, BOJIOKHA JOCTaBKU
Nufern MMI105/125, mpUBapeHHOr0 K HCC/IeNyeMOMY
BOJIOKHY, JepKaTento BoiaokHa Fujikura FH-60-DC250,
IocTaMeHToB Standa 3PH, PenbCOBOK IOABUKKH Standa
20R6 1 Kamepsl WinCamD-LCM, Habopa HeHTpalbHBIX
¢unpTpoB NDI-ND5.

HccmemoBaHUIO IIOABEPIJIM  aKTHBHBIE BOJIOKHA
C OBOMHOM O00OJIOUKOM, JIETHPOBAaHHHBIE HOHAMHU
3pbust u wurrTepbus, Momenu MM-EYDF-10/125-XP
1 MM-EYDF-10/125-XPH.

Ha Makere u3Mepsau HOPOQHIb PACXOASAIIETOCS
IIy4YKa U3TyYeHUs OJI OLeHKH 3$PeKTHBHOCTH IIOIJIO-
IIeHH M3Ty4eHHs] HaKauykd. Kamepa mpoduiomerpa

=

EXPERIMENTAL PART

The study of radiation propagating along the optical fiber
was carried out on a laboratory model for studying the
beam profile. The laboratory model consists of a FocusLight
pump laser diode with a wavelength of 976 nm, a Nufern
MM105/125 delivery fiber spliced to the fiber under study,
a Fujikura FH-60-DC250 fiber holder, Standa 3PH pedestals,
a Standa 20R6 rail slide, and a WinCamD-LCM camera, set
of neutral filters NDI-ND5.

The study was carried out on active double-clad fibers
doped with erbium and ytterbium ions, models MM-
EYDF-10/125-XP, and MM-EYDF-10/125-XPH.

The profile of the diverging radiation beam was mea-
sured on the prototype to assess the efficiency of absorp-
tion of pump radiation. The profilometer camera recorded
the cross section of the radiation beam. Its intensity profile
can be described by the function I(x,y). The I(x,y) value of
a particular pixel corresponded to the range [0-255]. The
data received by the camera was transferred to a PC and
interpreted using the DataRay v.8 software.

The beam quality can be assessed by various methods,
e.g., the parameter M? is used for Gaussian beams. But
Gaussian beams propagate in single-mode fibers, and this
method is incorrect for modes of operation with multimode
fibers. To assess the pumping efficiency, we measured the
level of the ratio of radiation propagating through the fiber
core and propagating through its cladding.

RESULTS
For the first measurement, a fiber MM-EYDF-10/ 125-XPH
with a fiber length of 10 cm was chosen. It was supplied

2

Puc. 2. Cxema nabopamopH020 makema 045 UCCAe008aHUS
npoguas nyyka: 1 - AasepHoili 0U00d, 2 — penbcosas N00BUXKKA,
3-nocmameHm, 4 — uccredyemoe 80A0KHO, 5 — kamepa 045
npogunomempuu WinCam

Fig. 2. Diagram of a laboratory model for studying the beam
profile:1-laser diode, 2 - rail slide, 3 - pedestal, 4 - fiber
under study, 5 - camera for profilometry WinCam
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perucTpupoBasia IIONlepeyHOe CeuyeHHe IyduKa H3Iy-
yeHHsI. Ero mpoduyib MHTEHCUBHOCTH MOYKHO OIIH-
catb dyHKUMeH I(x,y). 3HadeHHe I(x,y) KOHKPETHOIO
IIHMKCeJIa COOTBeTCTBOBAJIO AHaria3oHy [0-255]. [JaHHBIe,
IoJly4eHHble KaMepoH, IepefaBanud Ha IIK u uHTep-
IIPeTHPOBAIM C IIOMOIIBIO ITPOrPaMMHOro obecrieye-
Husg DataRay v.8.

KauecTBo myuka MOXHO OLIEHHBAThb Pa3THYHBIMH
MeToJaMH, HallPUMeP, /15l TayCCOBBIX ITyUKOB HCIIO/Ib-
3yeTcsi mapamerp M?. Ho rayccoBsl

with radiation with a wavelength of 976 nm and a power
of 500 mW. The beam profile is shown in Fig. 4.

The beam profile has an unusual shape. As can be
seen from Fig. 4, the radiation propagating along the
second light-guiding cladding has an octahedral shape.
In addition, there is a ring of the cladding mode, which
propagates along it; between the boundaries of the first
and second claddings, there is an obvious drop in power.
The radiation propagating along the first light-guiding

IIY4YKH PACIIPOCTPAHSIIOTCS B OJHO-
MOJOBBLIX BOJIOKHAX, a IJISI PeXKH-
MOB PaboThl C MHOTOMOZOBBIMHU
BOJIOKHAaMH TaKOM MeToJ, HeKOp-
pexTeH. [Iyisg olleHKU 3 eKTHUBHO-
CTH IIepeKauyKHU MBI U3MEPS/IH yPo-
BeHb COOTHOLIEHHS H3/IydYeHUH:
PaCIIPOCTPaHSIONIErOCs IO CepALie-
BUHe BOJIOKHA U PaCIpPOCTPAHSIO-
IIerocst 1o 060JI0uKe BOJIOKHA.

PE3YJIbTATDI

Jlns 1epBoro u3MepeHHs! ObLIO
BbIOpaHO Bo7TokHO MM-EYDF-10/125-
XPH, orpaHH4YeHHOe OTPe3KOM
10 cMm. Ha Hero mopaBasnoch Jiasep-
HOe H3/lydeHHe C JJIHMHOH BOJIHEI
976 HM ¥ MOIIHOCTBIO 500 MBT.
[Tpodusib my4Ka II0Ka3aH Ha puc. 4.

Puc. 4. Mpogunb ny4ka ¢ éonokHa MM-EYDF-10/125-XPH (noayueH ¢ ucnoAb3o-
saHuem ND4 ¢puabmpa)
Fig. 4. Beam profile from MM-EYDF-10/125-XPH fiber (obtained using ND4 filter)
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[Ipodune mydka uMeeT HeobbluHYI ¢dopmy. Kaxk
BU/IHO U3 pUC. 4, M3/IyYeHHe, PaclIpOCTpaHsIolIeecs
II0 BTOPOH CBeTOBeAyIlei o6o0uKke, MMeeT BOCBMHM-
rpaHHy0 dopmy. Kpome Toro, mmeeTcst Konblo 060-
JIOY€YHOH MOZBI, KOTOpO€e PacIpOCTPaHsAeTCs 110 HeH,
a MeXOy IpaHHIIAMM IIepPBOM U BTOPOM obosouex
HMeeTCsl SIBHBIM IIPOBaJl B MOIIHOCTH. M3nydeHHe,
pacmpocTpaHsIolleecs 10 IepBOk CBeTOBelyIlel 060-
JIOUKe, He HMMeeT SBHO BBIPAKEHHOIO IHKa, HO OH
TaM BCe >Ke IIPUCYTCTBYeT (0OpaTHTe BHHMaHHUe
Ha pHC. 5).

dopMa MHTEHCHBHOCTHM H3JIyYeHHs K Ha Iep-
BOM, M Ha BTOpPOM 000/lI0uKe MMeeT ILIOCKYI0 Bep-
IIHMHY. 3TO CBUIETEILCTBYET O TOM, UTO B HCCIeIyeMOM
BOJIOKHE peajiM30BaHa QYyHKIHUA CMeIIeHHUs MOJ, KOTO-
pas MOMOTraeT IlepeKayMBaTh SHEPIHI0 M3 IIaCCHBHOU
CBeTOBe/yIerl 060M0YKH B aKTHBHYIO SKMJIY BOJIOKHA.
M3MmepeHHOe 3HayeHHe IIePeKayKH COCTaBMUIIO 48,6%.
I[TpucyTcTBHe 060/104eYHOI MOJIbI, Kak B PUC. 3, K IIPO-
BaJla MeXAy IIepBOM M BTOPO CBeTOBeAyLIIMMH 060-
JIOYKAaMH CBHJIETE/ILCTBYeT O HEIO/JHOM IlepeKauke
3Hepruu M31y4eHHs — 3TO HeraTUBHBIN 3ddeKT. TaKyio
obonodevyHy0 MOy HeobXomuMmo 6ymeT OTUIBTPOBBI-
BaTh C [IOMOIIBI0 MOIOBOIO CTPUIIIIepa, HAIPUMeD IIpU
IanbHerIer cbopke nmasepa.

[l71s BTOporo u3MepeHMs! ObLIO BBIOPAHO BOJIOKHO
MM-EYDF-10/125-XP ¢ anuHoi 15 cM. Ha Hero momaBa-
JI0Ch U3/Ty4eHHe C IJIMHON BOJHEL 976 HM M MOIIHOCTBIO
500 MBT. ITpoduib mmyuKa IoKasaH Ha pucC. 6.

[Tpoduib Mmy4YKa SAHHOIO BOJIOKHA MMeeT IayCcoIlo-
nobHyio dopmy, Oosee HaIlOMHUHAIOLIYI0 OYIIUIICKYIO
ctyny. B maHHom mpoduie He HabnmofgaeTcs HHTep-
detica Mexxay o0b60o0UKaMH, H3AydYeHHe CepALIeBHHBI
SIPKO BBIpaKeHO. Ho B caMoM cepAuUeBHHe IPOQHIb
my4yka umeeT ¢opmy laycca M BBICOKYHO IUIOTHOCTD
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Puc. 5. Mpogunb ny4ka ¢ 60n0kHa MM-EYDF-10/125-XPH
(ceveHue no ocu X-X)

Fig. 5. Beam profile from MM-EYDF-10/125-XPH fiber
(section along the X=X axis)

cladding does not have a pronounced peak, but it is still
present there (note in Fig. 5).

The shape of the radiation intensity on both the first
and the second shell has a flat top. This indicates that
a mode mixing function is implemented in the fiber under
study, which helps to transfer energy from the passive
light-guiding cladding to the active core of the fiber. The
measured transfer rate was 48.6%. The presence of a clad-
ding mode, as in Fig. 3, and the dip between the first and
second light-guiding shells indicates an incomplete pump-
ing of the radiation energy - this is a negative effect. This
cladding mode will need to be filtered out using a mode
stripper, e. g., during the further assembly of the laser.

For the second measurement, an MM-EYDF-10/ 125-XP
fiber with a length of 15 cm was chosen. It was supplied
with radiation with a wavelength of 976 nm and a power
of 500 mW. The beam profile is shown in Fig. 6.
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MOILIHOCTH, YTO MOXKET IIPUBOJHUTh
K ITOSIBJIEHHIO HEeJIMHEHHBIX 3bdeK-
TOB B MaTepuaje BOJIOKHa. M3Mme-
PeHHoe 3Ha4yeHHe IepeKayKH CoCTa-
BUJIO 64,8%. B mpoduie HaHHOIO
BOJIOKHA He HabiiomaeTrcs SIBHOTO
HJIMYMS CMEIIeHHs MOJ, HO IIpU
3TOM OHO IIOKa3bIBAaeT XOPOLIYIO
3pdeKTHUBHOCTH ITpeobpa30oBaHUS.

BbIBO/1bl

HMccnemoBaHEl  HeCKOJIBKO — BOJIO-
KOH C [IBOMHOHN 0060104KoM. s
OLIeHKH UX 3PPeKTUBHOCTH cobpaH
7abOpaTOpPHBIM CTeHA C IpodH-
noMeTpoM mydka WinCamD-LCM.
BcTpoeHHOe IporpamMMHoe obecrie-
yeHHe DataRay Io3BO/IM/IO 6BICTPO

Puc. 6. [poguab nyyka c eonokHa MM-EYDF-10/125-XP
Fig. 6. Beam profile from MM-EYDF-10/125-XP fiber
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U 30beKTUBHO OLIEHUTL MIPOGHUIIb
IIy4YKa K CTeIleHb ero IpeobpasoBa-
HUs. Hccorenyemble BOJIOKHA ITOKA3a/IM CTeIleHb IT1peob-
pa3oBaHuA B 49 1 65% COOTBETCTBEHHO.

BJIATOOAAPHOCTD
ABTODBI CTaTbU BBIPKAIOT OIPOMHYIO 61arogapHoOCTb
KoMmaHuu «JIJIC» 3a mipefiocTaB/ieHHOe 060pyI0BaHUe.
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LLlepbakoBa Buktopus AnekcaHapoBHa, UHXeHep-uccnegosatens MAO MHMMK, acnu-
paHT nepsoro kypca MHUIY, Mepmb.

Pomatuosa Bacuinca bopncosHa, MHXeHep No BOJIOKOHHbIM cucTemam AO «JIIC»,
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Katwmna PabHo PyctamoBHa. koHcTpykTop MHIMK, Mepmb.

KoHuH tOpuit AHaTonbesuy, MHxeHep uccnegosarens MHMMK, Mepmb,
CaHkr-Tetepbypr..
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The beam profile of this fiber has a Gaussian shape,
more reminiscent of a Buddhist stupa. In this profile, no
interface between the claddings is observed; the radia-
tion from the core is pronounced. However, in the core
itself, the beam profile is Gaussian and has a high power
density, which can lead to nonlinear effects in the fiber
material. The measured transfer rate was 64.8%. There
is no clear mode mixing in the profile of this fiber, but it
shows good conversion efficiency.

CONCLUSIONS

Several double-clad fibers were investigated. To assess
their efficiency, a laboratory bench with a WinCambD-
LCM beam profilometer was assembled. The embedded
DataRay software made it possible to quickly and effi-
ciently evaluate the beam profile and the degree of its
transformation. The investigated fibers showed conver-
sion rates of 49 and 65%, respectively.
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